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ABSTRACT 

We report the results from the first laser driven electron-positron experiment using the 

high power LFEX laser at the Institute of Laser Engineering at Osaka University.  A 

number of diagnostics were set up to measure electrons, positrons, x-rays and neutrons 

from the laser-target interaction at the relativistic regime. Together with high-energy 

electrons (Thot~10 MeV), relativistic positrons  (~10 MeV) were observed from 1 kJ shots 

with laser intensity of about 1019 W/cm2 on 1 mm thick gold target. Laser-electron energy 

transfer was inferred from the x-ray and neutron measurements and is consistent with the 

electron and positron data. Electron accelerations in plasmas with density below critical 

were found to play an important role in producing very high energy (>20 MeV) electrons, 

while the number of relatively low energy electrons (~10 MeV) appeared to be crucial to 

the total number of pairs produced. 



Introduction 

Rapid progress in laser technology in recent years is evident in the establishments 

of new facilities [1] near or at petawatt (1015 W/cm2) power. Such facilities enable a 

number of physics applications to be studied including fast ignition research for inertial 

confined fusion experiments [2], proton generation and acceleration [3, 4], MeV photon 

source development [5-7], and recently, electron-positron antimatter production [8, 9].  

Fast electron generation and transport from relativistic-intensity laser-target interactions 

is the primary driver of these applications and is the subject of a great deal of over the 

past decades. For example, fast electrons have been investigated using techniques such as 

K-alpha measurements [10-12], K-alpha imaging [13], bremsstrahlung measurements 

[14], nuclear activation [15] and direct measurement of escaping electrons. The 

diagnostic capability to observe positrons produced from laser-plasma interactions has 

recently been added. Positrons are most efficiently produced in thick targets by the 

Bethe-Heitler process [16] that begins with high-energy electrons generated from laser-

target interaction. First, bremsstrahlung γ-rays are created by fast electrons scattering in 

the field of high-Z nuclei. An electron-positron pair is then formed from the γ-ray photon 

decaying in the presence of a second nucleus. Positrons, therefore, are informative to 

understand the physics in relativistic laser target interactions, albeit through multi-step 

processes.  

Intense laser produced electron-positron pairs are interesting on their own right 

due to the fact that they are a new source of positrons applicable to a variety of research 

disciplines including laboratory astrophysics, basic plasma science and antimatter 

research and applications [9]. Understanding the characteristics of laser-produced 



positrons and further optimizing their density and energy are important preparatory steps 

in order to realize laboratory applications in these fields.  

We performed a pair creation experiment using the LFEX laser at the Institute of 

Laser Engineering at Osaka University. By observing electrons, positrons distribution, x-

rays, and photon-neutrons simultaneously, it is possible to understand quantitatively the 

production processes of these high-energy particles and photons in the relativistic regime. 

From these measurements, we obtained the dependency of positrons on the fast electron 

distribution and the correlation among electrons, positrons, K-shell x-rays and neutrons.   

We found that very high-energy electrons (Thot~10 MeV) were produced from the 

LFEX experiments, indicating a large fraction of the laser pulse interacted with the long 

scale length plasma at under-critical density formed by a pre-pulse or energy pedestal on 

the main pulse. These observations are confirmed by photon-neutron measurements as 

well as particle-in-cell simulations using PICLS code [17]. The inferred laser-to-electron 

conversion from x-ray measurement was 10% - 20%, somewhat less than that reported 

elsewhere [2, 10, 18]. Positrons were observed on two shots.  Data comparisons show 

that the rates between laser energy to that of electrons at energy around 10 MeV seemed 

to have a larger impact to the positron production. Finally, simulations show that the peak 

energy location in the positron spectra reflects magnitude of the sheath potentials, a 

quantity critical to proton and positron acceleration, formed by the fast electrons 

transported through the massive target.  

 

Experimental setup 



The LFEX laser [19] has four beams, two of which were used during this 

experimental campaign. A laser pulse of duration 1-2 ps with a 1.053 micron wavelength 

was focused by an f/10 off-axis parabola to a focal spot of 40-50 µm, resulting in a laser 

intensity of 1-2x1019 W/cm2, and a laser-plasma interaction in the relativistic regime. The 

contrast between the laser pedestal and main pulse was about 106 - 108, which leads to a 

relatively long (up to 10 µm) electron density scale length before the peak pulse arrives to 

the target. The shot parameters are listed in Table 1.  

 

Figure 1: Diagnostic setup at LFEX laser.  

The diagnostic setup relative to the incident laser and target is shown in Fig. 1.  

The LFEX laser was incident on the target (1 mm thick, 2 mm diameter gold discs) at 10 

degree relative to the target normal direction.  A Laue crystal spectrometer [20], electron-

positron spectrometer EPPS [21] and neutron diagnostics [22] were placed on the 

opposite side of the laser.  The orientations of the diagnostic line-of-sights are marked in 

the figure.  The Laue crystal spectrometer measures the gold characteristic K-shell 
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radiation from which laser-electron coupling can be derived [20, 23, 24]. The EPPS 

electron-positron spectrometer [21] measures the energy distribution of electrons and 

positrons between 1-100 MeV. The neutron detectors [22] measure the number of 

neutrons at four energy ranges, from which the high-energy electrons and Bremsstrahlung 

photons can be estimated [22]. All three types of diagnostics were absolutely calibrated 

prior to the experiment. 

Both the Laue and EPPS diagnostics use image plates as detector whose 

calibration was made with GE image plate scanner. In this experiment, a GE model 

Typhoon FLA 7000, was used. To ensure an absolute measurement could be derived 

from these diagnostics, we established the sensitivity calibration of this new scanner 

using a radiocarbon source that was cross-calibrated to a Fuji FLA 7000 scanner [21]. 

This process resulted in an empirical sensitivity conversion formula [25], allowing the 

scanner to operate at Fuji-equivalent sensitivity settings and permitting measured values 

to be directly compared to results from experiments on other laser facilities.   

 

Experimental Results and Discussions 

The experimental results are summarized in Table 1 for shots taken at different 

laser energies and intensities. The targets were identical 1 mm thick and 2 mm diameter 

gold disc. As comparison, data taken at Titan laser at Lawrence Livermore National 

Laboratory is listed for the same target and laser intensity.   

The laser intensity is averaged over the focal spot. Hot electron temperatures are 

the derived from the EPPS measurement for electrons with kinetic energies less than 



(Thot1) and greater than (Thot2) 10 MeV. The total number of hot electrons from EPPS is 

obtained by integrating the whole measured spectrum. A More detailed discussion of the 

electron measurement and simulation are in following section. 

The laser-electron conversion efficiencies (ηe) are obtained using the Laue 

diagnostic measurements of gold K-alpha and K-beta lines [20] by 
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efficiency is ηe and the hot electron temperature is Thot. The term 	  

describes the reabsorption of Kα photons during the propagation through the target 

material where θ is the angle between the spectrometer and target normal. Using the two-

temperature (Thot1 and Thot2) Maxwellian electron distribution measured by EPPS, an 

assumption of electron reflux [23], and relativistic cross-section correction, the laser-

electron conversion was estimated [26]. The derived conversion efficiency is proportional 

to laser intensity, but somewhat less that that from the 30% - 50% reported previously [2, 

10, 18]. 

The total number of neutron produced from the experiment is between ~106 – 109.  

Since these neutrons are generated primarily by photon-nuclei interaction, the shot-to-

shot fluctuation of neutron yield directly correlates with the distribution of high-energy 

photons and consequently the high-energy electrons. This is also in qualitative agreement 

with the Thot of each shot. Although a highly convoluted process due to the energy 

dependent photon-neutron cross-section feature with strong resonance features [22], one 

can estimate the number of high-energy gamma photons ( ) through a simple relation 

exp(! x
!mfp cos"

)

h!



(assuming one-photon process dominates the photon-neutron process): 

,	   where  is photon energy dependent cross section. 

Assuming a constant Bremsstrahlung-positron cross-section (Bethe-Heitler process [16]), 

the conversion efficiency from photon to positron is about 1%. Therefore we can then 

make a bulk prediction of positron numbers from this independent diagnostic. This is 

consistent (in order of magnitude) with the measured positron yield, considering about 

1% of total produced positrons are measured by EPPS [27]. 

 

Table 1: Summary of experimental results. The columns are (from left to right): Shot number; On target 
laser energy E (in joules); Temperature of hot electrons (from EPPS, in MeV) for electrons that had kinetic 
energy less (Thot1) and greater (Thot2) than 10 MeV; Number of hot electrons from EPPS, N(e), in number/sr; 
Laser to hot electron energy conversion efficiency, η(e),  inferred from Laue and EPPS; Number of total 
neutron, N(n), measured from detector; Number of high energy photons, N(γ), derived from neutron data; 
Measured positron number, N(e+), from EPPS; Laser to EPPS positron conversion efficiency, η(e+). 
 

Shot E 
(J) 

I 
(W/cm2) 

Thot1 
(MeV) 

Thot2 
(MeV) 

N(e) η(e) 
% 

N(n) N(γ) N(e+) η(e+) 
% 

1 1675 1.2e19 1.8 16 8.2e11 15 2e9 8e14 2.3e10 0.003 

2 1200 1e19 1.5 13 8.0e11 11 1e9 5e14 6.8e9 0.001 

3 493 6e18 0.5 5 6.2e10 5 2e7 2e13 - - 

4 305 7e18 0.8 6.5 7.9e10 8 5e6 4e12 - - 

Titan 261 1.5e19 0.5 6 8.0e11 - - - 1.1e10 0.015 

 

1. Electron distributions 
The fast electron distribution was measured using EPPS are shown in Fig. 2. The 

electron spectra in Fig. 2 can be described with two distinctive temperatures for those at 

low energy (<10 MeV) and high energy (>10 MeV).  Although EPPS measured the 

electrons that escaped the targets, its distribution, especially those at high energies, 

reflects well that produced by laser-target interaction [28, 29]. At low energy (<10 MeV) 
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where the electrons energies are equal or less that of the sheath potential, it is still a topic 

of debate as to the precise correlation of the number of escaping electrons to total number 

produced by lasers [28, 29]. The electron temperature Thot2 are much higher than that of 

the intensity scaling. For example, for laser intensity of 2x1019 W/cm2, the electron 

temperature is ~1 MeV according to Ponderomotive scaling [30], 0.6 MeV in Beg scaling 

[11] and Haines scaling [31]. It is possible that these fast electrons were accelerated from 

under critical density plasma by the lasers through mechanisms described by [32-34].    

 

Figure 2: LFEX electron spectra measured by EPPS. 

 

For the same laser intensity, a comparative electron spectrum observed on the 

Titan laser is shown in Fig. 3, showing a much cooler electron distribution from the Titan 

laser relative to that of LFEX. This may due to the differences in laser contract and in 

parabola aspect ratio (f/3 on Titan and f/10 on LFEX) in two lasers. The ratio of measured 

electron energy to laser energy was about 1-2x10-3 on both LFEX and Titan lasers. We 
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can assume the ratio of escaping electrons (measured) verses the laser produced electrons 

remains constant for the same target [29]. We can therefore conclude that both laser 

systems have similar energy-to-electron conversion efficiencies. However, it should be 

noted that the ratio of electron number at about 10 MeV relative to the laser energy on 

LFEX was about 10% that of that on Titan, an important factor in understanding the 

positron data, as described in next section.   

To better understand the LFEX data we performed one-dimensional particle-in-

cell simulations using PICLS code [17] for the LFEX and Titan laser conditions.  We 

prepared a gold target with 1mm thickness with a preplasma in front of the target. Since 

the LFEX has a slightly higher contrast ratio than the Titan, we initialized the simulation 

by placing a preplasma with a 10 µm scale length for the LFEX and a few µm scale 

length for the Titan. The simulation contained all relevant physics regarding the transport 

in the high Z gold target, including Coulomb collisions, impact ionizations, and 

Bremsstrahlung radiation. The laser duration was set to 2 ps for the LFEX and 700 fs for 

the Titan. The total simulation time was about 24 ps, which is long enough to see the 

electrostatic potential evolution at the target surface and the energy transport and decay in 

the gold target. We keep the input laser energy ratio between two pulses similar with the 

experiments, ~6. The peak laser intensity is set to 2x1019W/cm2 for the Titian and 4x1019 

W/cm2 for the LFEX laser, which is higher than the experimental ones. The higher 

intensity compensates for one-dimensional limitations, namely, the lower absorption due 

to lack of multi-dimensional effects such as self-focusing and/or filamentation. 

Nevertheless, the purpose of these simulations is to qualitatively compare these two laser 



systems on the basis of hot electron production, sheath potential created at the back 

surface of the gold target, and the resulting affect on the positron spectra.  

Figure 3 shows the hot electron spectra observed in both experiments and 

simulations. Note here that the experiments see the escaping electrons and simulations 

show the hot electrons inside the target at the time when the pulse is done.   

 

Figure 3: Comparison of electron spectrum from LFEX and Titan, and PICLS simulations. 

 

Positron measurement 

 Positron data were obtained for the two high laser energy shots (#1 and #2) on the 

LFEX experiment, as listed in Table 1. For the two low energy shots (#3-#4), the positron 

signal was too weak to allow any quantitative measurement of positrons. A comparison 

of positron spectra taken from LFEX (for shot #1) and Titan for equivalent laser intensity 

of 2x1019 W/cm2 is shown in Fig. 4. The positron conversion (defined as positron energy 

divided by the laser energy) is 3.1x10-5 and 1.5x10-4 for LFEX and Titan, respectively. 



The factor of 5 difference in laser-positron conversion on LFEX and Titan appears to be 

correlated, on an order of magnitude scale, to the laser energy conversion of ~10 MeV 

electrons. This indicates that for the 1 mm gold target, the number of electrons with 

energy of about 10 MeV is important in the positron production. Note that the measured 

positrons that emerge from the target are a fraction of the total quantity of produced pairs. 

It is likely that the very high-energy electrons were not as efficient in producing pairs as 

the ~10 MeV electrons for this target thickness. This is due to a fact that the large-angle 

scattering of fast electrons and resulting γ-rays production become less efficient when 

electrons are too energetic. Optimization of target thickness for various temperature 

electrons has been previously studied in [36, 37].  

The LFEX positron distribution was centered at ~12 MeV. Positron creation 

spectrum is typically 1-3 MeV when produced by the Beithe-Heitler processes [38]. 

When pulse intensity increases, we expect the peak could shift to the higher energy. In 

the current laser intensities the peak appears at around 5 MeV as shown in Fig. 5(a). 

These positron spectra are calculated from the Bremsstrahlung γ-ray spectra using the 

cross section of the Beithe-Heitler processes without taking into account the transport. 

The peak shift of the positron spectrum is explained by the sheath acceleration at the back 

of the target [8]. As shown in Fig. 5 (b), the PIC simulations show the onset of a sheath 

potential for the LFEX laser with a magnitude of 10 MV whereas the Titan a few MV.  

These potential agree well with the peak shift of positron spectra observed in 

experiments. Note here that the electron recirculation is not important in this massive 

gold target with 1mm thickness, where the electron takes 6 ps for one round trip. The 



potential oscillation is attributed to the laser absorption processes occurred in a long scale 

preplasma [39]. 

 

Figure 4: Positron spectra measured on LFEX (cross) and Titan (line). The laser parameters for the two 

shots are listed in Table 1.  

 

 

Figure 5: (a) Positron spectrum calculated from the γ-rays spectrum in PICLS simulation at the end of the 

simulation.  (b) Time evolution of the electric potentials at the target backside in the simulations. 
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Summary 

We reported the results of first electron-positron experiment on the LFEX laser. 

Measured electron spectra show that very high-energy electrons (Thot~10 MeV) were 

produced, indicating an intense laser pulse interacted with a long scale length pre-plasma 

at under-critical density. This observation was confirmed by particle-in-cell simulations. 

From the positron data obtained and its comparison with previous data obtained on Titan 

laser, we found that the ratio between laser energy to electrons at energy around 10 MeV 

have a large impact on positron production. In addition, our simulations show that the 

positron spectra peak energy location reflects closely to the sheath potentials. However, 

detailed quantitative correlations among the positron, bremsstrahlung and electron data 

are highly complex due to its large scale (mm interaction length and 10s of picoseconds 

interaction time).  Additional large scale, multi-dimensional modeling efforts are needed 

to provide a more complete picture to better understand the experiment.  
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